Abstract. The climatological characteristics of total ozone over Estonia based on the Total Ozone Mapping Spectrometer (TOMS) data are discussed. The mean annual cycle during 1979-2000 for the site at 58.3 • N and 26.5 • E is compiled. The available ground-level data interpolated before TOMS, have been used for trend detection. During the last two decades, the quasi-biennial oscillation (QBO) corrected systematic decrease of total ozone from February-April was 3 ± 2.6% per decade. Before 1980, a spring decrease was not detectable. No decreasing trend was found in either the late autumn ozone minimum or in the summer total ozone. The QBO related signal in the spring total ozone has an amplitude of ± 20 DU and phase lag of 20 months. Between 1987Between -1992, the lagged covariance between the Singapore wind and the studied total ozone was weak. The spring (April-May) and summer (June-August) total ozone have the best correlation (coefficient 0.7) in the yearly cycle. The correlation between the May and August total ozone is higher than the one between the other summer months. Seasonal power spectra of the total ozone variance show preferred periods with an over 95% significance level. Since 1986, during the winter/spring, the contribution period of 32 days prevails instead of the earlier dominating 26 days. The spectral densities of the periods from 4 days to 2 weeks exhibit high interannual variability.
Introduction
Harmful effects of solar UV-B radiation on humans and other biospheric species necessitate retrospective studies of UV climatologies, which focus on the factors affecting the ground-level UV irradiance and deal with their statistical characteristics, such as mean values, variability and trends.
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The present paper concentrates on the study of available total ozone data over one geographical site that can be considered representative of the entire Estonia.
The mean annual cycle of atmospheric total ozone over middle and high-latitudes is believed to be transportgoverned (Randel et al., 1993; Chipperfield and Jones, 1999; Rosenlof, 1999) , exhibiting high values in late winter and spring (February-April) and the lowest values during late autumn (October-November). The year-to-year changes in the annual transport cycle depend on the changing planetary wave activity (Kinnersley, 1998) which is connected to the QBO (Tung and Yang, 1994a, b; Yang and Tung, 1995; Hollandsworth et al., 1995; Kane et al., 1998) .
The variance around the annual cycle contains different contributions of shorter scale variations that vary with the geographical region. Globally, fourteen of the most contiguous subregions have been identified, each displaying statistically unique total ozone variability characteristics (Eder et al., 1999) . Estonia is located between the North Atlantic, and the Eurasian and is influenced more by the baric situation over the North Atlantic, and manifests a comparatively high contribution of synoptic-scale variation in the total ozone variance. Strong planetary wave activity in the winter-spring causes low total ozone values over northern Europe (Engelen, 1996) . During the early spring, some influence of ozonedepleted stratospheric air, eroded from the polar vortex, is possible (Knudsen and Grooß, 2000) .
The chemical destruction of ozone by stratospheric sulphate aerosol outside the vortex can be enhanced by the stratospheric cooling (McCormick et al., 1995) and the increase in the halogen species burden. Since 1978, two major and several minor volcanic eruptions have contributed to the stratospheric aerosol surface area which had been much higher in background level in 1982 -1983 , 1992 and to a lesser extent in 1980 and 1985 -1988 (Solomon et al., 1996 .
In the short-term variability, the high total ozone events appear when the geopotential heights of the upper tropospheric pressure levels (500 hPa, 300 hPa) are low, and the low to- (1983, 1992 and 1993 excluded). tal ozone events appear when these geopotential heights are high. Another source of short-term variability of total ozone is the filamentation of stratospheric air related to the subtropical barrier and the wintertime polar vortex, both of which isolate the air inside by strong winds. The breaking of planetary waves in the stratosphere over latitudes close to the subtropics results in the activity of filamentation (Morgenstern and Carver, 1999) , exhibiting a large temporal variability on time scales of days to weeks. Favorable breaking of Rossby waves near the end of the North Atlantic storm track induces increased filamentation in that region. The frequency of laminae over central Europe was observed to be five times higher in late winter to early spring than in autumn (Mlch and Lastovicka, 1996) , and exhibits a maximum in March and minimum during July to October (Reid et al., 2000) . During the existence of the polar vortex, the laminae can form in the region of the vortex edge. Above approximately 16 km, the air deep inside the vortex is essentially isolated from the extra vortical air, but the air in the vortex edge is sporadically transported to the middle and low-latitudes (Waugh et al., 1997) .
Total ozone data sources
Regular direct Sun total ozone measurements in Estonia (at Tõravere, 58.3 • N, 26.5 • E, 70 m above sea level) have been carried out since January 1994, using the laboratory spectrometer SDL-1 supplied with a mirror system and Dobson retrieval algorithm (Veismann et al., 1995; Eerme et al., 1998) . Regular measurements of the erythemally weighted UV irradiance at the same site have been performed since 1 January 1998 (Veismann et al., 2000) . Direct Sun measurements of total ozone have been possible during about onethird of the days since March to October and available only in a very few cases during the winter months. For climatological studies, a longer record and more dense time coverage are necessary. The available total ozone, data extending back to November 1978, are those from the Nimbus-7 Total Ozone Mapping Spectrometer TOMS (until May 1993) and other TOMS (http://jwocky.gsfc.nasa.gov/) or TIROS Operational Vertical Sounder TOVS instruments. The most homogeneous data set comes from the Nimbus-7 TOMS. Since July 1996, the available Earth Probe TOMS data have been regularly compared to the ground-level measurement data obtained at Tõravere. The correlation coefficient between both values was found to be between 0.92 and 0.97 in different years. The best agreement appeared in 1999 when the mean ratio of 124 compared values TOMS/Tõravere was 0.998 with the standard deviation of 0.031. The largest differences in this year did not exceed ± 10%. During 1996-1998, the TOMS mean values systematically were about 7% lower than our ground-level values, and 96% of the values were within ± 10% of this mean. The standard deviations of the ratios TOMS/Tõravere in these years were between 5 and 7%. In a few cases, the differences between both values reached ± 20%. The Meteor-3 total ozone data, containing plenty of longer or shorter gaps, can be used with some caution only for the calculation of the seasonal mean, but not for calculating power spectra. The differences between the Nimbus-7 and Meteor-3 TOMS values rarely exceeded 10 DU. No TOMS data are available between November 1994 to August 1996.
During the pre-TOMS time, a coarse picture about the total ozone variation can be obtained, using the averaged global distribution data of the ground-based network, operating since 1957. The published gridded data of monthly mean total ozone are available for the first ten years (1957) (1958) (1959) (1960) (1961) (1962) (1963) (1964) (1965) (1966) (1967) (London et al., 1976) . The monthly mean values of operating ozone stations can be found on the WMO World Ozone and Ultraviolet Data Center homepage (http://www.tor.ec.gc.ca/woudc). For our site, the values can be interpolated in the best way by using the St. Petersburg and Riga data. For both stations, no data are available from 1968 to 1972.
In addition to trend detection, the background normal ozone levels, including both the mean value and the mean variance in different time scales, are necessary for the study of the total ozone anomalies. The major governing processes of the total ozone variation, such as Rossby wave positions, the upper tropospheric pressure pattern and the preferred regions of filament movements, create unique conditions even for quite, small geographical regions that require their own ozone climatologies.
Mean annual cycle
A mean annual cycle of total ozone over Estonia between 1979-2000, composed using the averaged ten-day values, is presented in Fig. 1 , as well as the standard deviation limits and the ten-day extreme values. The years subjected to strong stochastic forcing by El Chichon (1983) and Mt. Pinatubo 1979-1985 and 1986-2000. (1992 and 1993) volcanic aerosol are excluded, since they contain anomalously high amounts of low total ozone (Bojkov, 1993) . Due to the gap in the data set used, the year 1995 and part of 1996 have also been excluded. Post-volcanic low values of total ozone are systematically met from January to September. To a lesser extent, the summer total ozone is affected. No volcanic influence was noticed during the late autumn total ozone minimum.
The main characteristics of the annual and interannual variability of the total ozone over Estonia, including the post volcanic years of 1983, 1992 and 1993, are presented in Table 1 . The first three columns present the monthly absolute maximum, the mean with ± standard deviation (σ ) limits, and the absolute minimum values. The next three columns present the maximum, mean ±σ and minimum of the monthly amplitudes of the total ozone variation. The last column presents the amplitude of the differences in the yearly monthly mean values. This amplitude exceeds 100 DU from February to April, and reaches the lowest values of about 40 DU from September to November. The higher amplitude 50 DU in October is due to the contribution of the extremely low mean in 1989. The comparatively high amplitude for August originates from the extremely high mean value in 1998.
The linearly approximated decrease in the mean total ozone from the middle of April to the second half of September was found to be 19.5 DU per month. During the two autumn months from October to November, the mean total ozone remains almost at the persistent and lowest level of around 288 DU. In December, it usually increases sharply and persists at the level of about 340 DU from late December to the end of January. At that time, significant year-to-year and yearly variations take place. The highest daily values of mean total ozone occurred from February to April, as well as the highest day-to-day differences. 
Short-term variability
The probability distributions and the power spectra of the observed total ozone deviations from the long-term mean were calculated for different seasons. For the summer season, the long-term mean was approximated as linearly decreasing from 11 May to 15 September (allowing for 128 values).
The σ values of the total ozone variations in the observed summers occurred between 18.7 and 27.5 DU (the lowest in 2000 and the highest in 1998). In more than half of the cases, σ was within the limits of 20-22 DU. The winter/spring season was from 1 January to 7 May, thus the long-term mean was smoothly interpolated. The yearly values of σ were between 35 and 54 DU, with the lowest in 1993 and the highest in 1989. For the long-term mean from October-November, a constant value of 288 DU was taken and 64 points for the Fourier transform were used from 28 September to 30 November. The typical amplitude of the deviations from the mean was around ± 50 DU in the summer season, and around ± 100 DU in the winter/spring season. Often there are met peaks on both sides of the central maximum of the probability density distribution of the total ozone deviations, corresponding to the upper tropospheric highs and lows. The central mode is stronger since for most of time, Estonia is located under transition conditions between the upper tropospheric high ridges and the troughs. The examples of distributions for the summer and winter/spring seasons are presented in Fig. 2 . In the post-volcanic years of 1983, 1992 and 1993, the winter/spring means dropped below the long-term mean by 15, 26 and 46 DU, respectively. The summer mean in 1983 and in 1992 was lower by 17 DU. In the summer of 1993, there was a gap of data exceeding one month in June and July. In the volcanically nondisturbed years, the differences in the annual seasonal mean from the long-term mean were between −9 DU and +13 DU in the summer and between −14 DU and +22 DU in the winter/spring. Negative and positive skewness values in the probability density distributions of the total ozone deviations were found with almost an equal frequency. The negative kurtosis values dominated slightly (58%) in the summer and the positive values dominated to the same extent in the winter and autumn.
The power spectra of the total ozone deviations from the long-term mean display peaks at certain frequencies. The mean spectra in the period scale for the summer and autumn seasons are presented in Fig. 3 . In late autumn, spectral densities that exceed the 95% significance above the background appear regularly at periods of 16 and 10 days. Additionally, a peak on the 90% significance level appears at a period of 32 days. In summer, the most prominent peaks of the 95% significance are around 43 and 21 days. The spectral densities in shorter periods within the interval from 4 days to two weeks show high interannual variability and each of them has a small contribution to the mean spectrum.
In winter, the spectral densities above the 95% significance level were met within the periods of 26 days, and 13 to 16 days before 1986. Later, the contributions of the periods of 32 days and 18 to 21 days became more prominent. The mean spectra for the intervals between 1979-1985 and 1986-2000 are presented in Fig. 4 and the typical representatives of spectra from both intervals of the winter/spring spectra in 1981 and 1990 are presented in Fig. 5 .
It should be noted that the interval of 1986-2000 consists of two isolated subintervals, and the year-to-year variations of the meteorological conditions during both have been primarily higher than during the beginning part of the TOMS total ozone record. The conditions in the very last years of the observed period have been discussed in several recent papers. An extremely long-lived vortex, centered primarily at 1979-1985 (1981) and 1986-2000 (1990) . the pole, was observed during the winter of 1996/97 (Hansen and Chipperfield, 1999) . Relatively low values of total ozone in the lower stratosphere that winter were related to an increased filamentation from the subtropical barrier. About 30% more filaments were found in January-February 1997 than in 1998 (Morgenstern and Carver, 1999 ). An atypically early major stratospheric warming in December 1998 resulted in an abnormally warm and weak polar vortex through most of the 1998/99 winter (Manney et al., 1999) and in the high total ozone.
The detected modes of temporal variability in the total ozone should reflect the multiscale circulation modes of the atmosphere that modulate the geopotential height. In the study of global, multiscale, low-frequency circulation modes (Lau et al., 1994 ) the pronounced peaks of variation at about 40-60 days and 20-30 days in the North Atlantic/Eurasian area were found. By Yan et al. (2001) the principal time scale of a weather change for about 16 days in Europe was found on the basis of the Swedish and St. Petersburg longterm data. May (2000) performed a study of the atmospheric intraseasonal variability with the aim of finding the contributions of the ultra-long, long and short planetary waves in the 500 hPa geopotential height variance. As the contribution of the longer waves dominates, the spectral density is the highest at periods of about 20 days. The adequate explanation of the detected periods in the Estonian total ozone variance requires more detailed study currently under way of the geopotential height variance, as well as the upper tropospheric pressure.
QBO-related variations
The global total ozone data measured by Nimbus-7 TOMS in the different latitudinal belts have been studied in several cases (Tung and Yang, 1994a; Yang and Tung, 1995; Hollandsworth et al., 1995; Kane et al., 1998) . Maximum correlation of the total ozone with the 30 hPa equatorial zonal wind, at almost a zero lag or a wind lead of 1-2 months, was found over the equator. The QBO in the extratropical ozone was found by Yang and Tung (1995) to be seasonally synchronized with the strong signal in the winter-spring season out of phase with the equatorial ozone. The dynamical explanation of the influence of QBO on the diabatic mean meridional circulation is given by Tung and Yang (1994b) . The anomaly in the circulation is responsible for the meridional transporting of the ozone to create an anomaly in its column and, therefore, a phase lag in the ozone anomaly can expected.
We compared the four month moving average of the current deseasonalized monthly mean total ozone anomalies (deviations of current monthly mean values from the longterm monthly mean) with the 30 hPa stratospheric zonal wind speed at Singapore. The best covariance in phase for the period of 1979-2000, covering 9 QBO wind cycles, was found in the case of the phase lag of the total ozone for 19 to 20 months. The 20-month lagged covariance of the total ozone with the Singapore 30 hPa zonal wind speed (westerlies were positive) is presented in Fig. 6 . Both the prominent maxima and minima in the total ozone appeared to be strong in the winter-spring. The phase lag during the 1980's tended to be about one month longer than during the last three QBO wind cycles in the 1990's. The cycles corresponding to the westerlies' maxima in November 1987 and August 1990 exhibited a worse covariance than the remaining cycles.
Observed trends
The studies of the total ozone trends have quite a long history. According to recent estimations, the linear downward trend of total ozone over the northern mid-latitudes of 50 • -65 • since 1979 has been 4.4 ± 2.6% per decade for DecemberMay and 2.8 ±1.3% per decade for June-November (WMO, 1998) with the uncertainty level of 2σ . Here, we tried to detect the seasonal trends for a longer time interval, including the monthly mean data of 1957 -1967 (London et al., 1976 and the interpolated monthly mean values from the Riga and St. Petersburg stations data in [1973] [1974] [1975] [1976] [1977] [1978] . The results are presented in Fig. 7 . As representative of the ozone transport minimum, we took the mean value of the two autumn months (October and November). In the ten-day means within these two months, the values above the mean for a whole period have prevailed slightly (54%) since 1979. During most years, the ten-day mean deviations, with plus and minus signs occur in the following proportions: 3:3 or 4:2. Approximately the same was found in the case of the three summer months from June to August. The estimated linear trends for OctoberNovember and for June-August with error limits ±2σ were −0.2 ± 2.8% and +0.05 ± 2.9%, respectively, per decade. The value of σ was estimated, taking into account the autocorrelation, as proposed by Kadygrova and Fioletov (1987) . Due to the rather large intrinsic noisiness of the data, no trend can be detected in summer months or in the autumn ozone minimum.
A mean value of three months (February to April) was taken as representative of trend calculations for the winter ozone transport maximum since the transport peaks at different times in different years, and often the peak is masked by synoptic frequency variations in the total ozone. The noisiness of the data is larger than in the previous two cases, including the QBO-related variations. The three month averaged values during the 1980's and the 1990's tend to be lower than before. It is suspected that the downward trend in the winter/spring total ozone began only at about 1980. The estimated trend before 1980 was 0.6 ± 5.2%, and after 1980, it was −3.0 ± 3.7% per decade. An attempt was made to remove the QBO signal in the February to April yearly mean total ozone, thus correcting it for the half-amplitude in the cases with lagged total ozone corresponding to the Singapore wind maxima and minima. The Singapore 30 hPa wind cycles and interpolated total ozone data for 1958-1967 and since 1973 were taken into account. When the lagged minima or maxima occurred during the other seasons and did not notably affect the spring total ozone, no correction was made. The spring seasons of 1983, 1992 and 1993 , where the total ozone was strongly influenced by volcanic aerosol, were excluded. After this correction, the noisiness of the data for trend calculation was reduced to some extent. The calculated trend in 1980-2000 was 3.0 ± 2.6%, instead of −3.0 ± 3.7% before the correction.
Indirect evidence of the decreasing trend of the total ozone in late winter and early spring can be found by comparing the deviations of the observed total ozone from the mean of 1979-2000. The variations in the yearly percent of positive deviations for the ten-day means from the long-term mean for the periods of January-April, as well as for June-August and October-November, are presented in Fig. 8 . In the JanuaryApril ten-day mean total ozone values during 1979-1987 the values were higher when the long-term mean prevailed, except during the post-volcanic year of 1983. Since 1988, the total ozone values below the long-term mean have dominated, except for the year 1999, where the values were similar to those in the early 1980's and corresponded to the QBOrelated total ozone maximum. The other QBO-related peaks appear before 1990, in the winter-spring periods of 1979 , 1982 , 1985 , 1987 and 1989 . The QBO-related minima appearing in 1981 , 1984 , 1986 are less pronounced. The ten-day mean total ozone values below the long-term mean were dominant in the years after the major volcanic eruptions in the winter-spring as well as in the summer. The late autumn ten-day mean total ozone values do not manifest a volcanic or QBO influence.
If the mean total ozone during some time interval is lower or higher than the long-term mean, then with respect to the daily values, the same can be expected. Here, the days with total ozone values less than the long-term ten-day mean minus σ are viewed as low ozone days, and the days with total ozone higher than the long-term ten-day mean plus σ are viewed as high ozone days. Usually, only the deviations exceeding ±2σ are considered as extremes. In deseasonalized total ozone variations, those extremes manifest a rather sporadic nature. The total number of the high and low extremes varies between 4 and 22 days per year (the mean number 14 days). On average, the daily total ozone value exceeds ±σ in 116 days per year (58.5 below and 57.5 above), and 8 to 10 days per month. Since 1979, a tendency to increase the lower and decrease the higher total ozone values is evident. The yearly numbers of low and high ozone days and both the extremes are presented in Table 2 , as well as the number of low and high ozone days in the winter/spring (February-April) and the summer (June-August). In the post-volcanic years of 1992 and 1983, the numbers of low ozone days were 114 and 92. Since 1986, large numbers of low ozone days tend to occur more often. The number 97 in 1997 even exceeded the value of post-volcanic 1983, and the number 85 in 2000 was also close. In 1998, containing the QBO-related total ozone spring minimum, the number of high ozone days in the summer was the highest due to the dominating tropospheric low pressure. In most cases, the spring numbers of high ozone days tend to be larger in years containing the QBO-related spring total ozone maxima. A major contribution to the large number of low ozone days in the post-volcanic years comes from the summer months. From late September to February, the very low ozone events, related to the advection of subtropical stratospheric air masses from the Azores' anticyclone to the northeast (Bekoryukov et al., 1994) are met in 2 to 7 cases in a year. A coincidence of the high upper tropospheric pressure and the filaments of ozone-poor air can lead to extremely low total ozone.
In different years since 1987, low ozone events have been recorded in late April and early May (in 1987 May (in , 1990 May (in , 1993 May (in , 1995 May (in and 1997 . The deepest low ozone events which exceeded mean-2σ (295 DU) were in 1993 and 1997, and close to that time also (307 DU) in 1990 and 1995. The low ozone event over northern Europe in April 1997 has been discussed in detail by Austin et al. (1999) . During this event, low ozone persisted over Estonia for 4 days, from 29 April to 2 May, and the UV exposures could reach the mid-summer levels.
The summer (June-August) mean total ozone is statistically related to the spring (April-May) mean total ozone. The coefficient of linear correlation in 1979-2000 was 0.69 ± 0.12. On the level of the total ozone monthly mean values from April to August, a relatively high correlation was observed between May and August (0.73 ± 0.11) in 1979-2000. The correlation coefficients between June, July and August as well as between May and June, and between May and July, the mean total ozone values were between 0.35 ± 0.12 and 0.50 ± 0.11. The correlation coefficient between the April and May mean values was only 0.34 ± 0.13.
Summary and conclusions
The mean annual cycle of total ozone for one geographical site (Tõravere, Estonia, 58.3 • N, 26.5 • E) is compiled based on Nimbus-7, Meteor-3, and Earth Probe TOMS data. The seasonal probability density distributions of the total ozone deviations from the long-term mean reveal, in most cases, additional maxima on both sides of the central maximum, corresponding to the synoptic-scale high and low pressure extremes in the upper troposphere. This exhibits the contribution of non-stochastic processes in the total ozone variance. The yearly mean standard deviations of the seasonal total ozone occurred between 19.5 and 27 DU in the summer season and between 35 and 54 DU in the winter/spring season.
The power spectra of the total ozone deviations from the long-term mean exhibit spectral densities exceeding a 95% significance level over certain periods. In the summer, those periods are around 3 and 6 weeks. The contributions of periods shorter than 2 weeks exhibit high interannual variability and do not contribute to the averaged spectrum. In the winter before 1986, the contributions of periods of 26 days and, 13 to 16 days were dominant instead of the periods of 32 days, and 18 to 21 days afterwards.
The amplitude of the QBO-related signal in the spring total ozone was around ± 20 DU. The phase lag with regard to the Singapore wind cycle was 19 to 20 months. a weak, lagging covariance with total ozone was noticed during two QBO wind cycles between 1987-1992. In the summer, the QBO-like signal in the total ozone was found in single cases. In the autumn total ozone transport minimum (October-November), the manifestation of QBO and the influence of major volcanic eruptions were not detected. In the years after the major volcanic eruptions, low values of mean total ozone were recorded in the spring and summer. In the post-volcanic summer seasons, the number of days with total ozone below mean σ exhibited record high values.
Due to high noisiness in the seasonally averaged total ozone, systematic trends above the 95% significance level cannot be detected in late autumn (October-November) or in summer (June-August) and late winter/spring, before 1980. In 1979-2000, the QBO corrected decreasing trend in late winter/spring (February-April) was found to be 3.0 ± 2.6% per decade within ± 2 s limits. The number of days with total ozone values lower than the mean minus the standard deviation has a tendency to increase. The values occurring above the mean in the years that were not volcanically disturbed were found only after 1986, with the highest value recorded in 1997. The extremely high yearly numbers of such low ozone days in the post-volcanic years of 1983 and 1992 contain relatively high contributions in the summer months.
Since 1979, a tendency to increase the lower and decrease the higher total ozone values is evident. Since 1986, large numbers of low ozone days tend to occur more often.
The summer total ozone is statistically related to the late spring total ozone level. The correlation coefficient between the mean total ozone of April-May and June-August in 1979-2000 was 0.69 ± 0.12. The dynamical and possibly the chemical changes in the total ozone before April do not influence the summer total ozone, since the correlation was found to be below the significance level.
On the level of the monthly mean total ozone, the correlation in 1979-2000 was the highest (0.73 ± 0.11) between the May and August values. The correlation coefficients between the June, July and August and between April and May mean values were lower than 0.5.
